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A B S T R A C T
The Consensus for Experimental Design in Electromyography (CEDE) project is an international initiative which
aims to guide decision-making in recording, analysis, and interpretation of electromyographic (EMG) data. The
quality of the EMG recording, and validity of its interpretation depend on many characteristics of the recording
set-up and analysis procedures. Different electrode types (i.e., surface and intramuscular) will influence the
recorded signal and its interpretation. This report presents a matrix to consider the best electrode type selection
for recording EMG, and the process undertaken to achieve consensus. Four electrode types were considered: (1)
conventional surface electrode, (2) surface matrix or array electrode, (3) fine-wire electrode, and (4) needle
electrode. General features, pros, and cons of each electrode type are presented first. This information is followed
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by recommendations for specific types of muscles, the information that can be estimated, the typical re-
presentativeness of the recording and the types of contractions for which the electrode is best suited. This matrix
is intended to help researchers when selecting and reporting the electrode type in EMG studies.
1. Introduction
The quality of electromyography (EMG) recordings and the validity
of the interpretation of the data depend on many characteristics of the
recording set-up and analysis procedures. The optimal features differ
between applications based on the question to be addressed and the
muscle under investigation. There are many issues to consider and the
purpose of the Consensus for Experimental Design in Electromyography
(CEDE) project is to provide expert consensus opinion of optimal fea-
tures of recording set-up and analysis to address a range of experi-
mental questions. EMG electrodes are the interface between the tissues
and the recording system. The properties of the signal depend on their
type (surface or intramuscular), configuration (e.g. bipolar, matrix),
and materials/construction (e.g. Ag/AgCL, conductive ink). Selection of
the appropriate type of electrode requires careful consideration of the
signal that is to be recorded, and the way in which the recording is to be
interpreted.
Electrodes for recording electromyography can be broadly defined
as surface or intramuscular. Surface electrodes are often applied as a
conventional surface electrode pair or an array (linear or matrix).
Intramuscular electrodes can be either fine-wire or needles. In both
cases, multiple versions are available, that vary in their design char-
acteristics and recording properties. Less conventional surface elec-
trodes (e.g., anal and vaginal probes) (Keshwani and McLean, 2015;
Merletti, 2016; Mesin et al., 2009), and some innovative new electrodes
that are currently under development/investigation (e.g. tattoo elec-
trodes, high‐adhesion stretchable electrodes, wearable high-resolution
facial array) (Ferrari et al., 2018; Inzelberg et al., 2018; Liu et al.,
2017), generally share properties with those attached to the skin (i.e.
conventional surface or matrix electrodes), but have different types of
fixation and configuration, for specific contexts/situations. These can
be considered according to the principles described for conventional
surface or matrix electrodes.
a. Conventional surface electrode. Typically consists of a single recording
channel using differential amplification of pairs of electrodes (either
applied separately or as a pair integrated into a single device) placed
on the skin overlying a targeted muscle. Other applications may
involve more than two electrodes whose signals are combined to
produce a single output channel (e.g. double differential amplifi-
cation, Laplacian). (Merletti et al., 2016; Merletti et al., 2009).
b. Linear array or matrix surface electrode (also known as electrode ar-
rays or grids, multi-channel surface EMG, high-density surface
EMG). Based on a multichannel detection system arranged in one-
(1-D) or two-dimensional (2-D) electrode arrays (Merletti et al.,
2016; Merletti et al., 2009).
c. Fine-wire electrode. Consists of fine diameter insulated wire(s) placed
in the muscle via a hypodermic needle. The insulation is removed
from the tip (the length of which is a determinant of the electrode’s
receptive area) and is bent to maintain its placement in the muscle,
and the needle is withdrawn (Merletti and Farina, 2009).
d. Needle electrode. For these electrodes, the needle remains in the
muscle. Configurations involve either the needle shaft or tip (elec-
trically insulated from the remaining shaft) acting as a recording
surface, or the recording surfaces can be mounted on the shaft or tip
of the needle. Several configurations are available with different
characteristics. These electrodes are commonly used to assess neu-
rophysiological characteristics of neuromuscular disorders (Merletti
and Farina, 2009).
Not all electrodes are suitable for all applications, and electrodes
must be carefully selected with specific attention to the question to be
answered and the desired properties of the recording (Mesin et al.,
2009). The decision to use an electrode type depends on the char-
acteristics of the muscle under investigation and the purpose of the
study. Each type of electrode has advantages and disadvantages that
require consideration (Turker, 1993). Recommendations have been
made for bipolar surface EMG including electrode shape and size,
electrode placement, inter-electrode distance, electrode material, and
sensor construction (Hermens et al., 2000), and have been recently
updated (Afsharipour et al., 2019). Other factors require consideration
when selecting electrodes for a specific application. These factors in-
clude the nature of the task (dynamic vs. static; maximal vs. sub-
maximal), location of the muscle innervation zones, potential for
crosstalk, potential sources of noise (e.g. motion artefact, electro-
magnetic radiation), depth of the muscle and thickness of the sub-
cutaneous fat tissue (as the signal is attenuated in the subcutaneous
tissues when recorded from surface EMG – an effect that differs between
individuals). Specific issues relate to the recorded muscle (architecture,
location and size), and the information to be estimated and interpreted
(e.g. EMG amplitude vs. discrimination of single motor unit action
potentials) (Merletti et al., 2016; Disselhorst-Klug et al., 2009; Farina
et al., 2014; Kuiken et al., 2003; Merlo and Campanini, 2016;
Staudenmann et al., 2010).
Given the complexity, diversity, and variability of EMG research
and the growth in research applications of EMG, recommendations to
guide decision-making in recording, data analysis, and reporting of
EMG studies are crucial for accurate interpretation of findings. This
paper presents a guide to decision-making that can be used when se-
lecting the most appropriate electrode for a proposed EMG application




The CEDE project is an international initiative which aims to de-
velop consensus-based matrices to guide decision-making in recording,
analysis, and interpretation of EMG data. Each design matrix considers
specific study design features and the issues that need to be considered
when designing and interpreting the results from an EMG experiment/
study. The aim is to guide high-quality EMG research that enables valid
and consistent interpretation of findings, to aid the review of research
using EMG, and to provide an educational resource. The matrix for
electrode selection was developed using a three-step process: (1) de-
velopment of draft content by a steering committee from CEDE project
team members; (2) general comments by the CEDE project team, and
(3) a Delphi process for refinement and endorsement of content.
Approval for this project was obtained from the Human Research Ethics
Committee of The University of Queensland, Australia. Participants of
the Delphi process are among the co-authors.
2.2. CEDE team
The CEDE project team is composed of 21 researchers with expertise
in the field of EMG and a project coordinator. The details and the se-
lection criteria of the expert panel can be found elsewhere (Hodges
et al., 2019).
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2.3. Development of draft content by the steering committee from the CEDE
project team
Draft content for the matrix was developed by the steering com-
mittee (MB, PWH) and selected CEDE project members. Content was
prepared with consideration of the major pros and cons of each elec-
trode type and experimental questions that influence the selection of
electrode type for an EMG experiment. The matrix was presented to the
CEDE project team at a face-to-face meeting to obtain broad feedback
on the proposed design and content features of the initial draft. This
process was followed by refinement of the content and further devel-
opment before progressing to phase two.
The agreed general format for the matrix was a presentation of the
content in six sections: general design features and considerations for
each type of electrode; pros and cons of each method; and four clusters
of recommendations based on common experimental questions. These
clusters were: (1) What muscles can be recorded; (2) What type of in-
formation can be estimated; (3) Are the recordings representative of the
entire muscle; (4) What types of contractions can yield relevant data?
For each experimental context, a recommendation of the appropriate-
ness of an electrode type for a specific application was provided as
“yes”, “caution”, “generally no”, or “no” (see Table 1 for definitions),
along with an explanation.
2.4. General comments by broad CEDE project team
After the initial broad consultation and subsequent refinement and
organization of the content, the draft matrix was sent via email to all
experts for further detailed feedback of content. Comments were col-
lated and integrated for refinement of the matrix. Nine team members
were contacted to provide detailed feedback related to the analysis of
EMG amplitude/frequency. The revised content of these sections of the
matrix was re-sent to the relevant individuals to confirm the accuracy of
the integration of changes.
2.5. Delphi process for refinement and endorsement of content
An online Delphi approach was used to reach consensus among
experts. This approach is a widely accepted method to achieve con-
sensus and is used as a decision-making method (Waggoner et al.,
2016). The Delphi technique uses multiple rounds of questionnaires
that can involve allocation of ratings and/or open-ended answers (von
der Gracht, 2012). In round one, the entire matrix was sent to the ex-
perts along with the instructions and timeline for completion. A re-
minder was emailed after two weeks. The same approach and timeline
were used for subsequent rounds. For the assessment of satisfaction
level and agreement/disagreement among participants, a nine-point
Likert scale was used (Fitch et al., 2001) that asked contributors to
indicate that they considered that content was “appropriate” (score
7–9), “uncertain” (score 4–6) or “inappropriate” (score 1–3). Partici-
pants rated their agreement for each cell of the matrix and were invited
to provide comments to highlight aspects that were not agreeable.
Consensus was considered to be reached if> 70% of contributors
provided scores between 7 and 9 [appropriate] and<15% of con-
tributors provided scores between 1 and 3 [inappropriate] (Williamson
et al., 2012). As a further criterion, an interquartile range (IQR)≤2
units on a nine-unit scale was necessary to consider that consensus had
been reached among Delphi panelists (von der Gracht, 2012). For cells
that did reach consensus, any contributor’s comments that were re-
corded were considered and implemented if they improved the content
(as judged by the steering committee).
Based on the results of round one, items with an insufficient con-
sensus were refined by the steering committee by integrating feedback
and re-sent to the experts who had provided ratings scores < 7.
Changes or new information proposed by contributors were highlighted
in the second-round questionnaire. The same process was followed for
subsequent rounds. All contributors reviewed the final document for
endorsement and were included as authors. For this matrix, 20 experts
participated in the Delphi process. The lead investigator (PH) and the
coordinator (MB) did not participate in that process, but in addition to
developing the initial content, they oversaw the project and collected/
integrated all the responses.
All data were entered into Microsoft Excel and processed using the
statistical package STATA/IC (version 14). The number and percentage
of participants rating each outcome as appropriate (score 7–9), un-
certain (score 4–6) and inappropriate (score 1–3) were calculated, as
well as the median and IQR for each item.
3. Results
After phase 1, thirteen experts (65%) provided additional comments
regarding the content and format of the matrix. Four experts (out of
nine) provided additional feedback on the section related to the ana-
lysis of EMG amplitude/frequency content for final refinement of the
matrix.
From the 20 experts who agreed to participate in the Delphi process,
18 (80%) replied to the first-round questionnaire. After round one, five
sections were ranked with insufficient consensus. Appendix 1 shows the
median, IQR, and percentages of “appropriate” (scores 7–9) and “in-
appropriate” (scores 1–3) from round one.
For round two, the content of the four sections was refined ac-
cording to the suggestions made by respondents and re-sent to experts
who had rated an item lower than 7 points (n=13). Of those, 10 ex-
perts (76.9%) completed the second-round questionnaire. Two out of
four sections reached consensus in this round (Sections 2.6 and 4.2).
The remaining two followed a third round for consensus. Appendix 2
shows the sections that were re-rated along with the individual re-
sponses, median, IQR and percentages of “appropriate” (scores 7–9)
and “inappropriate” (scores 1–3) from round two.
For round three, the sections with insufficient consensus (2.3 and
2.5) were re-sent following the same process and criteria as previous
rounds. The final two sections reached consensus after this round.
Appendix 3 shows the sections that were re-rated along with the in-
dividual responses, median, IQR and percentages of “appropriate”
(scores 7–9) and “inappropriate” (scores 1–3) from round three.
During review and revision of the manuscript an additional item
was added to the Matrix: "2.2 Physiological: Detection of temporal
events of EMG". Content was developed by the steering committee and
two additional CEDE project team members. A single round Delphi
process was used to seek comment and approval for the content (in-
cluded in Appendix 1). Comments from team members were integrated
and approval granted.
The final electrode selection matrix is presented in Table 2. Ad-
ditionally, a checklist (Table 3) is provided to guide and facilitate the
reporting of EMG data based on the content of the matrix.
4. Discussion
The presented matrix represents the current state-of-art consensus
for the selection of electrodes for EMG recording. Four electrode types
were considered; conventional surface electrodes, array or matrix
Table 1
Descriptors used to identify the appropriateness of an electrode type.
Descriptor Definition
YES High probability that it is appropriate
CAUTION Might be appropriate but with consideration of specific issues
GENERALLY NO Generally not appropriate, but may be accepted with
consideration of specific issues
NO High probability that it is inappropriate
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surface electrodes, fine-wire electrodes, and needle electrodes. This
matrix is designed to aid decisions regarding the appropriateness of
specific electrode types for specific applications, data analyses, and
interpretations. This matrix includes general features for surface and
intramuscular electrodes, design features or properties that should be
reported when describing the method used, and the pros and cons of
each electrode type. This information is followed by sections related to
decisions for electrode selection: three consider the muscles to be re-
corded (from 1.1 to 1.4); nine consider the type of information that can
be estimated (from 2.1 to 2.9); one considers the representativeness of
the recording with respect to the whole muscle (3.1); and three consider
the types of contractions/tasks that can yield relevant data (from 4.1 to
4.3). In each context, a recommendation is provided with different le-
vels of certainty. Consideration of electrode type should be combined
with consideration of other issues that relate to the treatment of EMG
data such as signal processing and normalization method. A checklist
(Table 3) is provided in a format ready for use when preparing or re-
viewing a manuscript that includes EMG.
4.1. Strengths
There are several strengths to this decision matrix. First, it re-
presents a clear and concise overview of issues related to electrode
selection and provides a summary of expert opinion as to whether they
are appropriate or inappropriate for specific situations. Second, the
matrix is organized in a manner that relates to common questions that
arise in an experimental context. The objective is that this format will
help researchers (especially in early career stages) to select the most
appropriate method, or when this is not possible, to report the potential
limitations of the method that is employed. Third, the matrix has been
developed with input from experts with a diverse range of expertise
(Hodges, 2019).
4.2. Limitations
There are some limitations of this matrix. First, not all re-
commendations are based on empirical studies, as in many cases the
requisite data are not available. Instead, some recommendations are
based on logical and theoretical considerations. Confidence in the in-
terpretation offered is provided by the consensus process that was fol-
lowed to ensure the agreement of the panel. Second, the content and
recommendations provided will change over time as new empirical
evidence emerges, and new methods of recording EMG are developed.
The matrix will need to be updated accordingly. History suggests that
advances in technology, such as the development of new types of
electrodes (e.g., tattoo electrodes, high‐adhesion stretchable nanopile
electrodes, wearable high-resolution electrodes) (Ferrari et al., 2018;
Inzelberg et al., 2018; Liu et al., 2017), will provide solutions that more
closely approximate the “ideal” in some contexts. Considering the
current state of knowledge, this matrix represents a comprehensive
summary of one set of considerations that should be addressed when
planning an experiment that utilizes EMG. The matrix was organized to
provide guidance for most typical use of EMG to aid the reader to
distinguish between the most common types of electrodes. However, we
acknowledge that EMG is used in a wide array of applications and
contexts (Keshwani and McLean, 2015; Lichter et al., 2010). Although
the mode of application may be diverse, similar principles and re-
commendations will apply to whether the EMG data is used for inter-
pretation of EMG experiments or for specific applications, such as
biofeedback and rehabilitation (Doğan-Aslan et al., 2012), driving
prosthetics or assistive devices (Parker et al, 2006), and clinical appli-
cations (Lamontagne, 2001). For instance, intra-anal probes, with an
array of electrodes equally spaced along a circumference, have been
used to investigate the innervation pattern of the anal sphincter
(Merletti, 2016), which is governed by the principles described for
“matrix” electrodes. In some contexts, the combination of electrode
types might be a reasonable way to improve the quality of EMG re-
cordings. In that case, a combination of recommendations provided in
the matrix can be used and an appropriate justification of the method
selected and potential limitations should be reported.
Third, an issue that was highlighted during the process of pre-
paration of the matrix was that there exists some confusion in the field
as a whole that relates to the use of terminologies, such as “EMG am-
plitude” and the “level of muscle activation.” These terms are not in-
terchangeable as EMG amplitude relates to the signal analysis of the
recorded signal, whereas the level of muscle activation refers to the
number of active muscle fibers and their discharge rates and represents
a physiological characteristic of the muscle. The term “EMG amplitude”
was also suggested to be vague as it does not refer to the exact feature/
quality that is calculated (e.g., root mean square, mean absolute value,
rectify and low-pass filter), but it is generally accepted as being in-
formative as a general umbrella term covering any specific measure-
ment of amplitude, and was used in this context in the matrix. There is
the potential for further research projects to seek consensus in relation
to the definition and scope of common EMG terminologies.
Table 3
Checklist* for EMG electrode selection matrix.
Section/topic Item Description of item Reported
(yes/no)
Considerations/limitations
reported on page #
Electrode selection
matrix
1 Are the design/properties of each electrode type reported?
2 Is the selected electrode type suitable to record from the muscles of interest? (see
Sections 1.1–1.4)If not, is the reason for selecting the electrode justified, and are the
limitations outlined in the paper?
3 Is the selected electrode type suitable for the type of information that is estimated?
(see Section 2.1–2.9)If not, is the reason for selecting the electrode justified, and are the
limitations outlined in the paper?
4 Is the selected electrode type suitable to represent activation of the whole muscle?
(see section 3.1)If not, is the reason for selecting the electrode justified, and are the
limitations outlined in the paper?
5 Is the selected electrode type suitable for the type of contraction recorded? (see
Sections 4.1–4.3)If not, is the reason for selecting the electrode justified, and are the
limitations outlined in the paper?
* This checklist is formatted for use in preparing and reviewing manuscripts that include EMG.
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5. Conclusion
In summary, the aim of the electrode selection matrix, developed by
the CEDE project team, is to improve the quality of EMG recordings and
enhance the validity of the interpretations drawn on the basis of these
recordings. The authors wish to underline that the matrix is not in-
tended to replace formal training or education for EMG practice, as this
remains necessary. Rather, it may be used as a reference when planning
studies, and when reporting (and justifying) the decisions that are made
in selecting electrodes for use in EMG studies or grant applications.
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Appendix 1
Round One Rating Scores. Each cell provides median score and (in parenthesis) IQR in first row, then % appropriate (scores 7–9) followed by
inappropriate (scores 1–3) in second row.
































1. What muscles can be recorded?
























1.4 Measurement/ recording of muscles with fibers that are oblique to the skin surface (e.g. muscles that









2. What type of information can be estimated?










































































3. Are the recordings representative of the entire muscle?








4. What types of contractions can yield relevant data?

























*Numbers in bold represent items that did not reach consensus.
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Appendix 2
Round Two Rating Scores. Each cell provides individual responses in first row, median score and (in parenthesis) IQR in second row, then %
appropriate (scores 7–9) followed by inappropriate (scores 1–3) in third row.
Electrode selection matrix items 1. Conventional surface
electrode






2. What type of information can be estimated?
2.3 Physiological: EMG frequency content/Action potential propagation velocity
(n= 6/9)
5 7 7 8 8 8
7.5 (1)
83.3%, 0%
7 8 8 9 9 9
8.5 (1)
100%, 0%
5 6 6 7 7 8
6.5 (1)
50%, 0%
5 6 6 7 8 9
6.5 (2)
50%, 0%
2.5 Physiological: Estimation of neural drive to the muscle (number of single motor
units activated)
(n= 5/6)
3 5 6 8 8
6 (3)
40%, 20%
4 6 7 8 8
7 (2)
60%, 0%
8 8 8 9 9
8 (1)
100%, 0%
8 8 8 9 9
8 (1)
100%, 0%
2.6 Physiological: detailed analysis of properties of single motor unit discharge/
function
(n= 6/8)
5 8 8 8 9 9
8 (1)
83.3%, 0%
7 8 8 8 8 9
8 (0)
100%, 0%
7 8 8 8 8 9
8 (0)
100%, 0%
7 8 8 8 8 9
8 (0)
100%, 0%
4. What types of contractions can yield relevant data?
4.2 Activation during dynamic task
(n= 9/10)
4 7 7 7 8 8 8 9 9
8 (1)
88.9%, 11.1%
4 7 8 8 8 8 8 9 9
8 (0)
88.9%, 11.1%
7 7 8 8 8 8 9 9 9
8 (1)
100%, 0%
7 8 8 8 8 9 9 9 9
8 (1)
100%, 0%
*Numbers in bold represent items that did not reach consensus.
Appendix 3
Round Three Rating Scores. Each cell provides individual responses in first row, median score and (in parenthesis) IQR in second row, then %
appropriate (scores 7–9) followed by inappropriate (scores 1–3) in third row.
Electrode selection matrix items 1. Conventional surface
electrode






2. What type of information can be estimated?
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